ABSTRACT: Samples of Todaropsis eblanae from throughout the species range in east Atlantic and Mediterranean waters were screened for genetic variability at 1 minisatellite and 4 microsatellite loci. Extremely high levels of variability were observed within samples at all loci, with the mean observed heterozygosity per locus ranging from 0.82 to 0.91. Tests of allele frequency heterogeneity and measures of F ST (Wright's fixation index) suggest that significant genetic differentiation occurs between samples taken in African waters and those taken in European waters (overall F ST = 0.014, p < 0.001). Furthermore, significant differentiation was evident between the samples taken from South African waters and those taken from off Mauritania (between sample F ST = 0.012, p < 0.001). More subtle structuring was suggested within the European samples, largely attributable to differences between the Mediterranean sample and Atlantic samples (within Europe F ST = 0.002, p < 0.03). However, the high levels of heterozygosity associated with the examined loci means that biological implications of marginally significant statistical results must be considered. One consistent aspect of the observed variation is that the Mauritanian sample is more genetically differentiated from European samples than from the more geographically isolated South African sample. Homoplasy and historical events such as climatic cycles and post-glacial recolonisation are considered as possible explanations for the observed patterns of variation. In terms of stock structure, the findings suggest the presence of at least 3 genetically isolated populations in the east Atlantic, which has important implications for management and sustainability of this resource.
INTRODUCTION
In recent years cephalopod fisheries have come to form a substantial component of global landings as reported by the FAO (www.fao.org), and have been considered by some as being among the few fisheries which still hold potential for expansion (Caddy & Rodhouse 1998 , Lordan 2001 . The lesser flying squid Todaropsis eblanae, Ball 1841 belongs to the family Ommastrephidae (or short-finned squid), which in terms of fisheries, are considered among the most important cephalopods (Nesis 1987 , Nigmatullin 2002 and account for up to 70% of world catch. Recent ICES (International Council for the Exploration of the Seas) (Anonymous 2003) , and FAO landing statistics indicate that overall NE Atlantic catch of short-finned squid (including T. eblanae, Illex coindetii and Todarodes sagittatus) has increased between 1996 and 2000, suggesting that cephalopods are gaining importance as a fishery resource. Serious declines in abundance of many finfish and large reductions of commercial quotas have initiated the search for other species for exploitation. While the potential for development of targeted or semi-targeted fisheries for this species is uncertain (Lordan 2001) , traditional finfish fisheries could be expanded to exploit this alternative resource.
Todaropsis eblanae is widely distributed throughout east Atlantic waters occurring from the North Sea to South African waters and in the western Mediterranean (Roper et al. 1984) . The species has also been reported from the Indian Ocean, Australian waters (Roper et al. 1984) , the west Atlantic ) and the south China Sea (C. C. Lu, National Chung Hsing University, Taiwan, pers. comm.) . Studies in recent years have investigated aspects of ecology, reproductive biology, age and growth of T. eblanae in Atlantic and Mediterranean waters (Lipinski 1992 , Lipinski et al. 1993 , Gonzalez et al. 1994 , Hastie et al. 1994 , Rasero 1994 , Rasero et al. 1996 , Lordan et al. 1998 , Arkhipkin & Laptikhovsky 2000 , Hernandez-Garcia 2002 , Robin et al. 2002 . While migratory behaviour in this species remains poorly understood, observations on morphometrics by Lordan (2001) suggest that T. eblanae may be more similar to neritic loliginid squid species which tend to be less migratory than sympatric ommastrephid species (e.g. Illex coindetii, Todarodes sagitattus). To date, no information has been published regarding the genetic population structure and levels of differentiation between stocks of T. eblanae. Without such data, effective management strategies for this emerging resource will be severely limited.
Molecular markers are increasingly being employed to acquire data on population genetics and stock structure of marine species (e.g. Magoulas et al. 1996 , Chikhi et al. 1998 , O'Connell et al. 1998 , Adcock et al. 1999 , Murphy et al. 2002 , PerezLosada et al. 2002 , Shaw 2002 ) and microsatellite DNA loci are generally the markers of choice, due to their high levels of variability. Earlier genetic studies of cephalopods using allozyme markers had failed to provide a reliable indication of stock structure due to the low levels of genetic variability observed at these loci (Garthwaite et al. 1989 , Carvalho et al. 1992 , Brierley et al. 1995 . However, more recent studies (Adcock et al. 1999 , Murphy et al. 2002 , PerezLosada et al. 2002 , Shaw 2002 indicate that better resolution of population structure is possible using microsatellite DNA markers.
Microsatellite markers have been designed specifically for Todaropsis eblanae (Dillane et al. 2000) , and in the present study these are used to assess population structure of this species throughout its range in east Atlantic and Mediterranean waters.
MATERIALS AND METHODS

Samples.
Samples for microsatellite analysis were selected from collections of ethanol-preserved material provided by different partners in a European research project (FAIR-CT96-1520). Sample sizes ranged from 31 to 70 individuals, and were collected from a combination of trawl and market surveys. All samples were collected during 1998, with the exception of the west Mediterranean and South African samples which were obtained in 1999. Fig. 1 illustrates collection areas and sample sizes.
Microsatellite amplification and detection. Prior to microsatellite analysis, genomic DNA was extracted from ethanol-preserved armtip tissue using a CTAB method as described by Winnepenninckx et al. (1993) . All samples were screened for variability at 4 microsatellite loci (Tebl20, Tebl32, Tebl25, Tebl812) and 1 minisatellite locus (Teblmini) (Dillane et al. 2000) . PCR amplifications were carried out as described by Dillane et al. (2000) , where one of the primers was endlabelled with IRD800 (MWG BIOTECH™). PCR products were resolved using a LiCOR™ automated DNA sequencer on 6% denaturing polyacrylamide gels. Allele sizes were determined using a combination of a molecular weight marker (LiCOR™) and standard alleles to ensure accurate and consistent scoring of genotypes. Gene Imagir (Scanalytics™) software was used to assign allele sizes. In the case of locus Teblmini, a very large number of alleles were detected (190+) ranging in size from 200 to 1500 bp, creating difficulties in determining allele size with a high degree of certainty. Therefore, alleles were 'binned' into 36 size classes by assessing allele size distributions in histograms and establishing where non-overlapping 'peaks' in the occurrence of alleles were apparent. Once common alleles were recognised, rare alleles of a similar size were binned with them for further analysis. While this method reduced the variation scorable at this marker, it greatly increased confidence in assignment to allele size bins.
Data analysis. Allele frequencies and observed and expected heterozygosities were calculated using GENEPOP 3.0 (Raymond & Rousset 1995 ). All loci were tested for linkage disequilibrium, and departures from Hardy-Weinberg expectations were assessed for each locus and each sample using the Markov chain method of Guo & Thomson (1992) . Allele frequency differentiation between all pairs of samples was tested using Fisher's exact test in GENEPOP 3.0, and overall significance was calculated using the MULTI-P program (J. Mork, University of Trondheim, Norway, unpubl. data). This program takes as input any number of single p-values from independent tests of the same null hypothesis, and calculates that overall probability of equal or worse fit to their common null hypothesis. The test is equivalent to Fishers omnibus test, but uses a Z-score approximation instead of a chi-squared score. The Bonferroni procedure (Rice 1989 ) was used to correct for multiple tests using a global significance level of 0.05. The program DISPAN (Ota 1993 ) was used to calculate Nei's D A (Nei et al. 1983 ) and to construct a neighbour joining dendrogram (Saitou & Nei 1987) .
The proportion of variation between populations was estimated by calculation of fixation indices based on the infinite allele model (IAM) (Kimura & Crow 1964) . This model was chosen over the alternative stepwise mutation model (SMM) (Kimura & Ohta 1978) because of the nature of the loci used in this study. Many authors have demonstrated that the SMM is more appropriate for analysis of data from perfect repeat loci (e.g. Colson & Goldstein 1999 , Balloux & Goudet 2002 . It was clear from the original sequence data on these loci (Dillane et al. 2000) and the extensive analysis carried out in the present study that the loci used were largely imperfect repeats, thus the IAM was more applicable. Based on the IAM, F ST values (Wright 1951) were estimated across populations (Weir & Cockerham 1984 ) using the program F-STAT (Goudet 1995) . The F ST (Wright's fixation index) significance values for each locus were determined by bootstrapping over samples, and significance values for all loci were calculated by jack-knifing over loci (Weir 1990 ). Significance values for F ST were determined using 1000 permutations and bootstraps for all sample-pairwise comparisons, and the Bonferroni procedure was applied to correct for multiple tests.
RESULTS
Genetic diversity within samples
Extremely high levels of variability were observed at all loci (Table 1) , and within samples, mean observed heterozygosity per locus ranged from 0.82 to 0.91. Departures from Hardy-Weinberg equilibrium occurred at Tebl32 in the Algarve sample and at Tebl25 in the South African sample (Table 1) . No consistent deviations occurred over either samples or loci, so it was assumed that there was no strong Wahlund effect (whereby there is a mixture of different populations of different gene frequencies in one sample), or major incidence of null alleles. No significant linkage disequilibrium was observed between any pairs of loci. Allele frequencies (not shown here) are available on request from the authors.
Genetic differentiation and population structuring in the east Atlantic and Mediterranean
Fisher's exact tests of genetic differentiation, calculated from allele frequency data, indicate substantial differences between Mauritanian and South African samples and between these and all European samples (Table 2 ). There was also evidence of more subtle differentiation between the Mediterranean and Atlantic European samples, with the exception of the Galician coast, although none of these values remained significant after correction.
Overall F ST among samples was 0.014 (p < 0.001). This value was largely attributable to differences associated with the Mauritanian and South African samples. Among European samples the F ST estimate was considerably smaller at 0.002, although this value was significantly different from zero (p < 0.05). Pairwise F ST values were calculated (Table 3) , with the highest being observed between the west Mediterranean and both the Mauritanian and South African samples. All comparisons between African and European samples were significantly different from zero (p < 0.001). Significant F ST values, prior to Bonferroni correction, were also ob-served between some Atlantic and Mediterranean samples (Table 3) . Within north Atlantic waters the only notable value was between the Irish sample and the Galician coast, but this marginally significant value did not remain so after correction for multiple tests. Mauritania 1***2*** 1***2*** 1***2*** 1***2*** 1***2*** -< 0.001 4***5** 4*5** 3*** 3**4* 3*** 4***5*** 5*** 4***5*** South Africa 1***2*3* 3*4*** 1*2** 1***2* 1***2*** 1***2*** -4*** 3***4*** 3**4* 3*** 4* 4*** pean samples, suggesting, as with Fisher's exact tests (Table 2 ) and F ST values (Table 3) , that the Mauritanian sample is more genetically distinct from European samples than the South African sample. The result is also reflected in the neighbour-joining dendrogram (Fig. 2) , showing a European and an African cluster.
DISCUSSION
Population structure of Todaropsis eblanae in African and European waters
Extremely high levels of genetic variability were observed at all loci used in this study, indicating that, as has been observed in other cephalopod species, microsatellite and minisatellite DNA loci can act as a more sensitive gauge of diversity at the molecular level than less variable markers such as allozymes or mitochondrial DNA (Adcock et al. 1999 , Murphy et al. 2002 . Our findings imply that the South African and Mauritanian populations are genetically distinct, both from one another and from European populations. Furthermore, the Mauritanian sample is more differentiated from European populations than the more geographically distant South African population. This pattern might arise through a range of circumstances. Firstly, it may simply be an artefact of the techniques employed. Secondly, it may reflect historical events affecting the distribution of this species. Thirdly, it may be attributed to the migratory habits in Todaropsis eblanae. In regards to the first possibility, the minisatellite and microsatellite loci used in this study can, by their extremely variable nature and high mutation rates, reach a state of homoplasy, whereby 2 alleles converge on the same size as a result of different mutational histories (Angers & Bernatchez 1997) . The result is that 2 populations which may appear similar by state are not so by descent. Sequencing of alleles of identical size might clarify this situation.
Alternatively, if we are to assume that the genetic data here reflect true relationships among these populations, then historical events and population dynamics of Todaropsis eblanae should be considered. Climatic cycles during the Pleistocene, which apparently led to the regional extinction and geographical displacement of some Atlantic fishes, may have left genetic imprints on the present-day populations of many marine species (Grant & Waples 2000) . Steep drops in water temperature at that time would most likely have resulted in fragmentation and displacement of populations, which in the case of T. eblanae might have meant a retreat southwards of northern stocks towards equatorial areas, with those 229 (Lipinski et al. 1992) .
Regarding the movements of Todaropsis eblanae, it seems unlikely that any gene flow could occur between South African and European populations. This species is short-lived, and is not known to undertake major migrations which could facilitate interbreeding of these groups. In fact, as suggested by Lordan (2001) , this species is probably the least mobile of the ommastrephid squids in terms of migratory habits and is more likely to behave like the neritic loliginid squid species, some of which have been shown to exhibit significant population differentiation across their range ).
Genetic differentiation within European waters
Subtle differentiation between Mediterranean and European samples was evident from the overall F ST value (0.002), which was statistically significant (p < 0.05). Pairwise heterogeneity tests, as well as pairwise F ST and genetic distance measures suggested that differentiation was largely attributable to the Mediterranean sample. Genetic segregation of Mediterranean and Atlantic stocks might occur as a result of both the Straits of Gibraltar and the Almeria-Oran oceanographic front (in the western Mediterranean) acting as barriers to dispersal. This is likely the case in a number of species of both fish and cephalopods (Lundy et al. 1999 , Naciri et al. 1999 , Bahri-Sfar et al. 2000 , Dillane 2001 . Conversely, there is evidence to suggest that movement between the Mediterranean and Atlantic occurs in some species of finfish and shellfish, such as swordfish (Kotoulas et al. 1995) , the European anchovy (Magoulas et al. 1996) and lobsters (Stamatis et al. 2004) . Further sampling of Todaropsis eblanae within its range in the Mediterranean would provide a better assessment of population structure and help to calibrate observed differences between the Mediterranean and Atlantic waters. It must also be emphasised that observed differentiation was associated with low measures of genetic distance and marginally significant F ST estimates, and it has been demonstrated that when using highly variable nuclear loci (such as microsatellites), the relationship between statistical and biological significance may be weak due to the high levels of heterozygosity associated with such markers (Hedrick 1999) .
There was an obvious lack of discernable genetic differentiation within Todaropsis eblanae of European Atlantic waters. While migratory activity in T. eblanae is not well understood, the appearance and subsequent absence of this species in an area as far north as the coast of Scotland (Hastie et al. 1994) indicates that these squid move over relatively large distances when conditions are suitable. If gene flow is maintained through periodic dispersal of individuals, identification of what are potentially discrete genetic stocks is made more difficult, even with rapidly mutating markers such as microsatellites and minisatellites. Furthermore, while this species may be less migratory than other ommastrephid species, there is substantial dispersal potential at the planktonic larval stage. The application of a larger suite of microsatellite loci might clarify patterns of variability in this area.
At present, cephalopods remain non-quota species (Anonymous 2003) but as a group they will come under increased pressure as fin-fish resources are depleted and the fishing industry seek out new resources. While the situation in European waters remains unclear, our results suggest there are 3 genetically distinct populations which should be managed as separate stocks. In the case of the west African fishery (one of the largest for Todaropsis eblanae) an intensive spatio-temporal study using these, and additional molecular markers, should be undertaken to determine the extent of this group and where it is separated from the European stocks. Such a study might allow further insights into the evolution of this population structure and the barriers to gene flow between groups, whether historical or due to present oceanographic and environmental conditions. This in turn will allow fisheries management groups to make informed decisions regarding the management of this resource.
